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DYNAMIC ANTHROPOMORPHIC
CARDIOVASCULAR PHANTOM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. Provisional Patent
Application Ser. No. 61/033,761, filed Mar. 4, 2008, the dis-
closure of which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

The present invention relates to a dynamic anthropomor-
phic cardiovascular phantom, model or system and, particu-
larly, a dynamic anthropomorphic cardiovascular phantom
for simulating 1njectable fluid propagation.

The following information 1s provided to assist the reader
to understand the invention disclosed below and the environ-
ment 1n which 1t will typically be used. The terms used herein
are not intended to be limited to any particular narrow nter-
pretation unless clearly stated otherwise 1n this document.
References set forth herein may facilitate understanding of
the present invention or the background of the present inven-
tion. The disclosure of all references cited herein 1s incorpo-
rated by reference.

Computed tomography (CT) 1s a medical imaging tech-
nique 1n which digital geometry processing 1s used to gener-
ate a three-dimensional 1imaging of a region of interest (ROI)
within a body from a series of two-dimensional X-ray images
taken around a single axis of rotation. A contrast medium
injected into the patients venous system 1s typically used to
enhance the contrast of various structures and/or fluids within
the region of interest. The development of subsecond rotation
and multi-slice CT of MSCT (for example, up to 64-slice) has
provided both high resolution and high speed. Moreover,
images with even higher temporal resolution can be generated
using electrocardiogram (ECG) gating to correlate CT data
with corresponding phases of cardiac contraction.

As MSC'T enables the acquisition of sub-millimeter slices
and near 1sotropic voxels, anatomical territories previously
unacquirable are now almost routinely imaged. In particular,
dynamic structures such as the coronary vasculature, are able
to be 1maged as a result of the MSCT scanner’s ability to
acquire a volumetric data set 1n 5-20 seconds, well within the
breath-hold interval of most patients. Furthermore, the latest
generation of MSCT also enables cardiac CT even 1n the
presence ol high heart-rates and arrhythmia. Cardiac CT
Angiography (CCTA) 1s therefore a demanding imaging
regime 1n which the clinician must perfect her technique to
maximize 1image quality.

Intrinsic to the quality of a CCTA exam 1s the proper
dosing, delivery, and timing of the 1odinated contrast bolus
required for image contrast enhancement. Because CCTA 1s
only concerned with arterial imagery during the first-pass of
the contrast bolus, the timing of the scanner acquisition rela-
tive to the peak contrast enhancement in the cardiac anatomy
1s important. There are many published works demonstrating
the benefits of personalizing and optimizing the delivery of
contrast material to the individual and the image procedure.
In the case of CCTA with MSCT scanners, the optimization
and timing of the contrast bolus 1s crucial.

The widespread clinical adoption of multi-slice CT has
lead to challenges 1n adapting imaging and contrast delivery
techniques which were developed 1n connection with single-
slice, helical CT scanners. Development of optimal contrast
injection techniques to generate ideal contrast enhancement
has been the subject of numerous CT studies. The outcomes
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of such studies, however, are often not comparable and inter-
pretation controversy arises because of variations in injection

technique, parameters, and contrast medium properties. A
consensus for optimal injection parameters and choice of
contrast media for intravenous contrast enhancement 1n CT-
scanning has yet to be reached and further mvestigation 1s
ongoing and mandatory as scanning technology advances. To
best compare different injection protocols, hemodynamic
values like blood pressure, blood volume and cardiac output
should 1deally be held constant, as these factors significantly
influence contrast enhancement. With non-uniform distribu-
tion of these factors, comparison of the contrast application 1s
difficult to assess. Furthermore, measurements of time-en-
hancement curves at defined anatomic sites are required to
ensure an exact analysis of contrast enhancement. To obtain a
time-enhancement curve, serial CT scans at one anatomic
level are necessary. However, such serial scans are not fea-
sible 1n a patient study as a result of the increased radiation
burden of the long acquisition time.

In an attempt to avoid the increased radiation burden and
expense associated with CT patient studies, use of a flow
phantom to simulate or emulate convective transport proper-
ties of the cardiovascular system has been studied. Repeated
injections of contrast demonstrated some utility of the model
in replicating the contrast enhancement pattern of the
abdominal aorta in MSC'T. Although utility was demonstrated
for such a tlow phantom, a number of significant limitations
hinder the use of the flow phantom 1n developing improved
CT 1mjection protocols for contrast media.

It 1s, therefore, desirable to develop improved cardiovas-
cular flow phantoms, models or systems for use 1n studies of
the propagation of injectable fluids, including, for example,
contrast media and/or other drugs.

SUMMARY OF THE INVENTION

In one aspect, a cardiovascular tlow system includes: a
cardiovascular model system, a pump system in fluid connec-
tion with the cardiovascular model system, and an ECG simu-
lator 1n communicative connection with the pump system.
The ECG simulator system 1s adapted to create and transmiut
a simulated ECG signal. The ECG simulator system uses a
signal received from the pump system to adjust the simulated
ECG signal transmitted from the ECG simulator system. The
cardiovascular flow system further includes an injection port
adapted to be placed 1n fluid connection with an 1njector to
inject at least one fluid into the system.

The cardiovascular model system of the cardiovascular
flow system can simulate mammalian physiologic hemody-
namic parameters. For example, the hemodynamic param-
cters can include, but are not limited to, systolic pressure,
diastolic pressure and convective transport of an injected fluid
from the 1mjection port to at least one region of interest within
the cardiovascular model system.

The cardiovascular model system can additionally or alter-
natively simulate mammalian anatomy for at least one region
ol interest. The at least one region of interest can, for example,
include the coronary artery tree and the thoracic aorta. The
three-dimensional conformation of the region of interest can
be simulated. Furthermore, movement within the at least one
region of interest (for example, resulting from the heart’s
pulsatile pumping action) can be simulated. In that regard,
motion within the region of 1nterest can occur as a result of
pulsatile flow of fluid therethrough occurs.

The ECG system can, for example, include a processing,
system to adjust the ECG signal to synchronize to the ECG
signal to the signal recerved from the pump system. The ECG
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system can include a controller adapter to adjust timing
between the ECG si1gnal and signal received from the pump
system. In several embodiments, the pump system includes a
sensor (for example, a microswitch) 1in operative connection
therewith that 1s adapted to provide the signal from the pump
system. In a number of embodiments, the ECG system 1nter-
faces with an 1maging system or scanner to transmit the
simulated ECG signal to the scanner.

The cardiovascular model system can further include a
lung sink (simulating flow through the lungs) and a body sink
(stmulating flow through several components of the body/
system circulation) in fluid connection within the cardiovas-
cular model system.

One or more 1nterconnections within the cardiovascular
model system can be formed to simulate at least one of mam-
malian physiology and anatomy. In several embodiments, the
interconnections are selected to simulate physiologic pres-
sure and/or convective transport.

The cardiovascular flow system can further include a kid-
ney simulation system 1n fluid connection with the cardiovas-
cular model system. The kidney system can, for example,
include a first pump system to pump Iresh fluid into the
cardiovascular model system and a second pump system to
pump fluid out of the cardiovascular system. The kidney
simulation system can, for example, be controlled to control
at least one of fluid volume and pressure within the cardio-
vascular model system.

The cardiovascular tlow system can further include a pres-
sure reliel system to prevent pressure within the system from
exceeding a predetermined pressure. The pressure relief sys-
tem can, for example, be adapted to maintain pressure within
the cardiovascular model system within limits of physiologic
pressure.

In several embodiments, the cardiovascular model system
includes a cardiac vasculature model including a pulmonary
artery crossing the cardiac anatomy.

The cardiovascular flow system can further include the
injector.

In another aspect, a method of simulating tflow of an 1njec-
tion fluud through a mammalian cardiovascular system
includes: providing a cardiovascular model, the cardiovascus-
lar model comprising an injection port adapted to be placed 1n
fluid connection with an mjector to inject the mjection flud
into the cardiovascular model; pumping fluid through the
cardiovascular model; configuring cardiac output, heart rate,
stroke volume 1n the cardiovascular model; providing a simu-
lated ECG signal, wherein the ECG signal 1s synchronized
with pumping pulse or pumping pressure; injecting the injec-
tion fluid 1nto the cardiovascular model via the mjection port;
and detecting the injection fluid 1n at least one region of
interest within the cardiovascular model.

The synchronization can, for example, be based on an
aortic pressure.

The method can further include scanning the at least one
region of interest of the cardiovascular model with an 1mag-
ing system to produce an image. The injection flmid can, for
example, mclude a contrast medium (or contrast enhance-
ment medium).

The cardiovascular model can include a coronary vascula-
ture model, a body sink and a lung sink 1n flmd connection.
The coronary vasculature model, the body sink and the lung
sink can, for example, be 1n fluid connection via tubing
adapted to simulate (or to enable simulation of) physiological
pressures and/or convective transport.

In another aspect, a cardiovascular tlow system 1ncludes: a
cardiovascular model system, a pump system in fluid connec-
tion with the cardiovascular model system, an 1njection port
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adapted to be placed 1n fluid connection with an 1njector to
inject at least one fluid 1into the system; and a kidney system
or kidney simulation system in fluid connection with the
cardiovascular model system. The kidney system 1ncludes a
first pump system to pump fresh flmid into the cardiovascular
model system and a second pump system to pump fluid out of
the cardiovascular system. The first pump system and the
second pump system can, for example, be controlled to pre-
vent tluid volume increase within the cardiovascular model
system upon 1njection of fluid 1nto the cardiovascular model
system via the mjection port. The kidney system can be con-
trolled to control pressure within the cardiovascular model
system.

In a further aspect, a cardiovascular flow system includes:
a cardiovascular model system, a pump system 1n fluid con-
nection with the cardiovascular model system, an 1njection
port adapted to be placed 1n fluid connection with an injector
to 1nject at least one fluid into the system; and a pressure relief
system to prevent pressure within the cardiovascular model
system from exceeding a predetermined pressure. The pres-
sure relief system can, for example, be adapted to maintain
pressure within the cardiovascular model system within lim-
its of physiologic pressure.

In still a further aspect, a cardiovascular tlow system
includes: a cardiovascular model system for simulating
anatomy and physiology, a pump system 1n fluid connection
with the cardiovascular model system, and an ECG simulator
in communicative connection with the pump system. The
ECG simulator system 1s adapted to create and transmit a
simulated ECG signal. The ECG simulator system uses a
signal recerved from the pump system to adjust the simulated
ECG signal transmitted from the ECG simulator system. The
cardiovascular flow system further includes an injection port
adapted to be placed 1n fluid connection with an 1njector to
inject at least one fluid into the system.

In several embodiments, the flow models, phantoms or
systems described herein simulate or mimic the delicate
anatomy of the coronary vasculature (including, for example,
the coronary artery tree and the thoracic aorta) as well as the
pulsatile nature of the heart and the motion resulting there-
from. The crossing of the coronary arteries by the pulmonary
artery 1s also simulated or mimicked.

In several embodiments, an ECG simulation system inter-
faces to the ECG triggering or gating system of an imaging
system or scanner. The flow models, phantoms or systems of
the present mvention also simulate or mimic physiologic
hemodynamic parameters including, but not limited to, blood
pressure (diastolic blood pressure, systolic blood pressure)
and convective transport of an 1njection fluid to one or more
regions of interest within the flow models, phantoms or sys-
tems. Users can also configure the system (that 1s, adjust one
or more system variables) to achieve desired physiologic
conditions.

The systems of the present invention improve character-
ization of the dynamics related to early-phase contrast
enhancement in the cardiac and/or other anatomy to assist, for
example, 1n the development and validation of novel, optimal
contrast delivery control approaches. The systems of the
present invention provide, among other things, configurable
cardiac output, heart rate, stroke volume, and blood volume,
accurate transport delays of an 1njected bolus, accurate dilu-
tion of the contrast media through a cardiopulmonary circuit,
the ability to interface an ECG signal to the scanner, accurate
motion of a region of interest such as the coronary tree,
pressures, flow rates and other conditions within the physi-
ologic realm, which are responsive to changes 1n the driving
function, and pulsatile blood flow and heart rates.
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The present invention, along with the attributes and atten-
dant advantages thereof, will best be appreciated and under-
stood 1n view of the following detailed description taken 1n
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1llustrates a perspective view of one embodiment
flow phantom system of the present invention.

FIG. 1B illustrates a perspective view of a portion of the
flow phantom system of FIG. 1A aligned to be inserted within
a C1l scanner.

FI1G. 1C 1llustrates a reconstructed MSC'T 1mage of the CT
flow phantom aortic root and coronary tree acquired with a
Siemens Definition (*Dual Source™) MSCT scanner, and
shows details of the coronary tree model.

FIG. 1D 1llustrates an enlarged side, partially transparent

view of a ventricular pump used to simulate the heart 1n the
system of FIG. 1A.

FIG. 2 illustrates a front view of a front panel of the ECG
simulator of the system of FIG. 1A.

FIG. 3 illustrates a schematic or block diagram of the
topology of the system of FIG. 1A.

FI1G. 4 1llustrates a schematic or block diagram of a sensor
system, a data acquisition system and a control system of the
system of FIG. 1A.

FIG. 5 illustrates a schematic or block diagram of the
kidney system of FIG. 1A.

FIG. 6 illustrates a schematic or block diagram of a pres-
sure relief system of FIG. 1A.

FIG. 7A 1llustrates a graph of measured pressure in the
system of FIG. 1A during an injection protocol including two
injections separated by a pause without use of a pressure relief
system.

FIG. 7B illustrates a graph of measured pressure in the
system of FIG. 1A during an injection protocol including two
injections separated by a pause with use of a pressure relief
system 1n fluid connection with the air side of the body sink of
the system

FIG. 7C illustrates a graph of measured pressure in the
system of FIG. 1A during an injection protocol including two
injections separated by a pause with use of a pressure relief
system 1n which tluid 1s removed from the system as opposed
to air.

FI1G. 8 illustrates a schematic representation of the process-
ing system and control system of the ECG simulator of the
system of FIG. 1A.

FIG. 9 1llustrates a screen capture of a display of data
capture from the system of FIG. 1A.

FIG. 10A 1llustrates a CT scan of the coronary tree model
of the system of FIG. 1A before contrast delivery.

FIG. 10B illustrates a CT scan of the coronary tree model
of the system of FIG. 1A after contrast delivery.

FIG. 11A illustrates time enhancement curves from por-
cine studies set forth in Bae, K. T., “Peak contrast enhance-
ment 1n CT and MR angiography: when does 1t occur and
why? Pharmacokinetic study in a porcine model,” Radiology,
2003. 227(3): p. 809-16.

FIG. 11B 1illustrates time enhancement curves generated
using a cardiovascular for system of the present invention.

FIG. 12A 1illustrates a graph of the results of a linearity
injection for contrast at 6 ml/s (5, 10, 15, and 20 second) for
the pulmonary trunk.

FIG. 12B 1illustrates a graph of the results of a linearity
injection for contrast at 6 ml/s (5, 10, 15, and 20 second) for
the ascending aorta.
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FIG. 13 A 1llustrates a graph of a measured time enhance-
ment curve 1n the ascending aorta generated using a cardio-

vascular tlow system of the present invention and a predicted
time enhancement curve generated by applying an estimated
transier function construction.

FIG. 13B 1llustrates a graph of a measured time enhance-
ment curve in the ascending aorta generated using a cardio-
vascular flow system of the present invention and a predicted
time enhancement curve generated by applying a transier
function estimated with a truncated singular value decompo-
sition deconvolution technique.

DETAILED DESCRIPTION OF THE INVENTION

As used herein and 1n the appended claims, the singular
forms “a,” “an”, and “the” include plural references unless the
content clearly dictates otherwise. Thus, for example, refer-
ence to “a pressure transducer” includes a plurality of such
pressure transducers and equivalents thereol known to those
skilled 1n the art, and so forth, and reference to “the pressure
transducer” 1s a reference to one or more such pressure trans-
ducers and equivalents thereol known to those skilled in the
art, and so forth.

Although the anthropomorphic cardiovascular flow sys-
tems, cardiovascular phantom/model systems or flow phan-
toms described herein are discussed in connection with the
use of contrast media 1n CT studies, and particularly cardiac
CT angiography studies, one skilled in the art appreciates that
the cardiovascular flow systems can be used to study the
propagation of virtually any type of fluid that can be detected
using one or more detection systems to virtually any region of
interest within the cardiovascular flow system.

FIG. 1A illustrates one embodiment of a cardiovascular
flow model, phantom or system 10 of the present invention.
System 10 includes a compliant, silicone coronary tree model
100 for emulating the human coronary vasculature. An
example of a coronary tree model 100 suitable for use 1n the
system 10 and used 1n the studies thereof described herein 1s
the ELASTRAT Model T-S-N-002 available from Shelley
Medical Inc. of London, Ontario Canada. Cardiovascular tree
model 100 includes a compliant ascending aorta 110, aortic
arch 120, descending aorta 130, left coronary artery 140 and
right coronary artery 150. As, for example, 1llustrated in the
scan of FIG. 1C, the right coronary artery of model 100
includes the marginal and posterior interventricular arteries.
Left coronary artery 140 also includes the left anterior inter-
ventricular and the circumtlex arteries. In general, model 100
closely simulates human anatomy. Such models were
designed primarily for development and demonstration of
stents, coils and catheters and to provide a realistic environ-
ment for the simulation of endovascular procedures, pre-
surgery traiming, studies and teaching purposes for interven-
tionists.

Coronary tree model 100 includes a modification that
allows a model of the pulmonary artery 160 to cross the
cardiac anatomy. The pulmonary artery cross enables acqui-
sition of single-level, axial scans mimicking the contrast
enhancement pattern at the pulmonary trunk in the human
vascular system. System 10 incorporates the novel aspects of
the pulmonary artery and aortas to generate time enhance-
ment curves of the contrast propagation through the cardiop-
ulmonary circuit similar to that in humans.

A ventricular pump system 200 1s placed in fluid commu-
nication with coronary tree model 100 and 1s used too simu-
late the heart 1n system 10. A representative example of a
ventricular pump suitable for use 1 system 10 (and used in
the studies set forth herein) 1s the model BS4 553305 pulsatile
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blood pump available from Harvard Apparatus Inc. of Hol-
liston Mass., USA (sometimes referred to as the Harvard
pump). Pump system 200 can, for example, be configured to
deliver stroke volumes of 15 to 100 ml, heart rates from 10 to
100 beats per minute (BPM), and systolic/diastolic ratios
from 35% to 50% full cycle. Pump system 100 1s designed to
sately administer blood or a blood emulant, however distilled
water may also be used 1n place of the blood emulant (that 1s,
as a first or carrier fluid simulating blood and different from a
second or injection tluid to be propagated through system 10).

In several embodiments, a trigger system 1s connected to
pump system 200 to generated a trigger signal at the end of
tull displacement. The trigger system includes a sensor such
as a microswitch 300 (see FIG. 1D) driving a MOSFET
circuit that itercepts the ECG signal on an ECG simulator
400 (see, for example, FIGS. 1A, 1B and 2). A representative
example of an ECG simulator 400 suitable for use 1n system
10 (and used 1n the studies set forth herein) 1s the ECG PLUS
ECG simulator available from Bio-Tek Inc., of Winooski, Vt.
USA. The trigger system entrains the simulated ECG rhythm
to pump system 200, including an R-R 1nterval that matches
the duty cycle of pump system 200. Further, the drive circuits
of ECG simulator 400 provide the simulated ECG signal that
may be recorded by standard 3 or 5 lead ECG sets of scanner
500 (see, for example, FIG. 1B). As described further below,
the ECG trace 1s used 1n the retrospective reconstruction of
the cardiac data sets.

FI1G. 3 presents a block diagram or topology of system 10,
including a cardiovascular model system including coronary
tree model 100, a body sink 600, a lung sink 10, a right heart,
and pump system 200. In the studied embodiments, coronary
tree model 100 1s connected to a 4 L cylindrical tube that
represents systemic circulation or body sink 600. A 4 L. cylin-
drical tube 1s a suitable representation for systemic circula-
tion because steady state distribution of contrast material 1s
not a priority. Therefore, cylindrical tube 600 1s used to model
the dispersive behavior of the pulmonary circulation on the
contrast material.

Coronary tree model 100, body sink 600, and a lung sink
620 are connected via tubing, which is sized (for example, 1n
diameter and length) to simulate corresponding physiological
characteristics. In several studied embodiments, connecting
tubing (fabricated from TYGON® plastic tubing) with
approximately 1.0 cmto 2.5 cm (O.D.) was used. The lengths
ol a number of the connecting tubing segments are based on
the constraint of the CT scanner gantry. As, for example,
illustrated 1n FIG. 1B, pump system 200 cannot be in the
cardiac field of view. Pump system 200 1s preferably posi-
tioned distal to model portion 10a. The area circumscribed by
the dashed rectangle 1n FIG. 3 1s the portion or region of the
model of interest during the CT studies described herein.
However, entire model portion 10q 1s positioned on bed 510
of CT scanner 500. The components of the scanned portion of
system 10 are compatible with scanner 500 and have suitable
characteristics (for example, radio-opaqueness etc. ) for study.

The tubing dimensions also provide physiologic pressures
in system 10. For example, Tables 1 and 2 set forth the
physical dimensions of the various tubing segments associ-
ated with system as illustrated 1n FIG. 1A.

TABL.

L1l

1

External

Diameter [cm] Volume [ml]

2.22
1.91

90.5
24.1

Pipe la
Pipe 1b
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TABLE 1-continued

External

Diameter [cm] Volume [ml]

Pipe 2 1.91 70.8
Pipe 3 1.91 83.7
Pipe 4 1.91 239.7
Pipe 5 2.54 137.6
Pipe 6a 0.95 8.1
Pipe 6b 1.27 8.1
Pipe 7 1.27 27.2
Pipe & 1.27 6.9
Pipe 9 0.95 12.4
Pipe 10 0.95 12.4
Pipe 11 0.95 2.0
Pipe 12 0.95 9.4
Pulm. Artery 160 2.22 30.2
TABLE 2
Circumfierence Length Volume
[cm] [cm] [ml]
Body sink 600 33.0 672.7 4339.8
Lung sink 620 29.8 124.8 805.4

System 10 1s calibrated so that the central fluid volume
provides a simulation of the mammalian (for example,
human) cardiovascular circuit. The fluid volume may, for
example, be set between 3 and 8 L. A number of components
of system 10 are described below 1n connection with filling
and draining procedures for system 10.

During filling of system 10, a reservoir tank 630 1s filled
with 3 liters (L) of water (more than 3 L may not allow
suificient pressure to be generated 1n system 10). Reservoir
tank 620 1s connected by a tube to a fill port 640. F1ll port 640
and a vent 604 on body sink 600 are opened. Tubing con-
nected to body vent 604 1s placed into an empty container. A
vent 624 on lung sink 620 1s closed. A drain port 650 1s set to
a normal setting. At this point, reservoir water from reservoir
tank 630 1s pumped 1nto system 10 until empty (using, for
example, a pump handle 632 of reservoir tank 630). Pressure
within reservoir tank 630 1s then released (for example, by
unscrewing a center piston in connection with handle 632 as
known 1n the art for pressure tanks). Fill port 640 1s then
closed.

Reservolr tank 630 1s then filled with 3 liters of water.
Reservoir tank 630 1s reconnected to fill port 640, which 1s
then opened. Reservoir tank 630 1s then pumped until body
sink 600 1s full. Fill port 640 and body vent port 604 are then
closed. Tubing from lung vent port 624 1s then placed 1into an
empty container and lung vent port 624 1s opened. Fill port
640 1s opened and water 1s pumped 1nto system 10 until lung
sink 620 1s full. At this point, fill port 640 1s closed and lung,
vent port 624 1s closed.

Pump system 200 1s then, for example, run at 30 beats per
minute (BPM), with a stroke volume of 90 ml, and a Systolic/
Diastolic % ot 50/50. Fill port 640 1s opened. From this point
forward, pressure should be monitored via one or more pres-

sure transducer out connectors (see, for example, FIG. 4). In
several embodiments, a peak pressure of 350 mmHg was not
to be exceeded. A DC power source 1s connected to a pres-
sure/flow data acquisition interface box 660 which is, for
example, 1n operative connection with pressure transducers
662 and 664. A maximum voltage at pressure transducer out
1s established (for example, 1n one embodiment the maximum

voltage should not exceed 2.3 VDC).
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At this point, water can be added to reservoir tank 630 1f,
for example, an excess container has more than 400 ml of
water therein. The additional water (ml) to be added can be set
to equal the volume of water 1n the excess container (ml)
minus 400 ml. Fill port 640 1s opened, and lung vent 624 1s
opened to evacuate air. Reservoir tank 630 1s pumped until
system 10 has been evacuated of air. After air evacuation, fill
port 640 1s closed. Lung vent 624 1s also closed. The total
water volume 1n system 10 1s now 5.5 liters. This volume can
be adjusted as desired.

Tubing from drain port 650 1s then placed into the excess
container (not shown). Reservoir tank 630 1s emptied. Empty
reservolr tank 630 1s connected to body sink vent 604. Drain
port 640 1s now set to “drain”. Body sink vent 620 1s opened
and reservoir tank 630 1s pumped to effect a desired system
volume and to allow for additional injected volume (via an
injection port 642). A graduated scale can, for example, be
provided on a side of body sink 600. Drain port 640 1s then
once again set to normal and body sink vent 604 1s closed.

To begin a drain procedure for system 10, drain tubing from
drain/fill port 640 1s placed into the empty excess container,
which 1s positioned below the level of system 10. Empty
reservolr tank 630 1s connected to body sink vent 604, which
1s then opened. A drain clamp (not shown) 1s then opened and
drain/fill port 640 to set to drain. Reservoir tank 30 1s pumped
to evacuate water until body sink 600 1s empty. Body sink vent
604 1s then closed and empty reservoir tank 630 1s connected
to lung sink vent 624, which 1s then opened. Reservoir tank
630 1s pumped to evacuate the remaining water. Subse-
quently, pump system 200 1s disconnected via connection
fittings as known 1n the art and any remaining water 1s
removed.

As, Tor example, illustrated 1n FIG. 3, during operation of
system 10, pressurized fluid exits pump system 200 from
outlet 210 thereofl and enters coronary tree model 100 at
descending aorta 130. The fluid passes through aortic arch
120 and enters the ascending aorta 110. A portion of the fluid
entering ascending aorta 110 passes through left coronary
artery 140 and right coronary artery 150 to the pulmonary
artery 160. Another portion of the fluid entering ascending
aorta 110 1s passed to body sink 600. A portion of the fluid
exiting body sink 600 passes to pulmonary artery 160. Drain
{11l port 640 and injection port 642 are 1n fluid connection
within system 10 between body sink 600 and pulmonary
artery 160. A fluid (for which propagation through system 10
1s to be studied) 1s 1njected 1nto system 10 via 1njection port
642 (for example, via manual 1njection or via a power injector
700 such as the STELLANT D injector available from
MEDRAD, Inc. of Pittsburgh, Pa. USA). Fluid passes from
pulmonary artery 160 1nto lung sink 620 and exits lung sink
620 return to pump system 200 at inlet 220 thereof.

In several embodiments, a dilution, filter or kidney system
800 1s used to simulate operation of the kidneys. For example,
in-line pump system can be used to filter contrast or other
fluid for which propagation 1s being studied from system 10
during and/or between experiments to simulate function of a
kidney. Kidney system 800 performs the function of remov-
ing “‘waste products” from system 10 and regulating the fluid
level therein. As described herein, a typical use of system 10
includes mjecting a contrast dye into the system 10 via injec-
tion port 642. As the contrast dye 1s injected 1nto system 10,
the additional injected volume of the contrast fluid 1s added to
the existing fluid 1n system 10. Kidney system 800 can, for
example, be configured and/or controlled to remove a volume
of fluid equal to the additional 1injected volume of fluid. In
addition, as the contrast 1s 1njected mto system 10, the con-
trast mixes with the original fluid 1n system 10. At some point,
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the mixture of the fluids reduces the usability of system 10.
Kidney system 800 can be used to replenish system 10 with
fresh flmd (for example, water) while also removing “waste”
fluids from system 10 (thereby reducing the concentration of
injected fluid within system 10). A block diagram of kidney
system 800 1s set forth in FIG. 5.

In the 1llustrated embodiment, kidney system 800 includes
a lirst or fresh reservoir 810 containing fresh fluid (for
example, a fluid having no concentration of the propagation
fluid being studied—such as fresh water) to replenish system
10 and a second or waste reservoir 820 to collect waste fluid
(that 1s, previously circulated fluid which can include some
concentration of the propagation fluid) from system 10. Each
of fresh reservoir 810 and waste reservoir 820 includes a fluid
level sensor 812 and 822, respectively, to measure fluid levels
therein. Fluid level sensor 812 1s, for example, used to detect
when fresh reservoir 910 1s depleted and needs to be refilled.
Fluid level sensor 822 is, for example, used to detect when
waste reservoir 820 1s full or nearly full and needs to be
drained. A first fluid pumping system 830 1s 1n fluid connec-
tion with fresh reservoir 810 to deliver fresh fluid into the
system 10. A second fluid pumping system 840 1s in fluid
connection with waster reservoir 820 to remove excess fluid
injected nto system 10 and also to remove the waste fluid
from the system 10. At least one motor drive 850 1s in opera-
tive connection with pumping systems 830 and 840 to drive
fluid pumping. Various connectors such as connecting luers
and tubing as known in the art can be used to place the
clements of kidney system 800 (and system 10 generally) 1n
fluid connection to transport fluids therebetween. One or
more check valves 860 can be used to ensure a desired direc-
tion of fluid tlow. Kidney system 800 can be 1n communica-
tive connection with a data acquisition/control system 900 of
system 10, which can, for example, be used (with respect to
kidney system 800) to read data from level sensors 812 and
822, to control pump motor speed and to effect on/oif func-
tions.

Pumping mechanisms suitable for use as pumping system
830 and pumping system 840 are described, for example, 1n
U.S. Pat. Nos. 5,916,197 and 6,197,000, the disclosure of
which are incorporated herein by reference. In one embodi-
ment, pumping systems 830 and 840 were operatively con-
nected to a common motor drive so that the amount of fluid
pumped 1nto system 10 by first pumping system 830 was
always approximately equal or equal to the amount of fluid
pumped out of system 10 by second pumping system 850.
The tlow rate of the pumping systems can be adjusted to
control the filtering/dilution process. To be operative to adjust
fluid volume within system 10 (for example, to remove a
volume of fluid from system 10 equal to a volume injected via
injection port 642 to maintain a generally constant volume of
fluid 1 system 10) and/or to control pressure within system
10, first pumping system 830 and second pumping system
840 can be controlled separately (that 1s, to effect addition of
or removal of a determined volume fluid from system 10).

In several embodiments, a manually adjustable automatic
pressure relief system 680 was incorporated within system
10. In a number of studies, a commercially available model
R-4104-10 pressure regulator available from Airtrol Compo-
nents, Inc. of New Berlin, Wis. USA was used. See U.S. Pat.
No. 4,315,520. Pressure relief and/or control can alternatively
be accomplished by other means. For example, one or more
clectromechanically controlled valves can be used. Indeed,
additional benefits can be realized with the use of an electro-
mechanical valve. For example, a quicker response time to
overpressure conditions can be achieved, as well as automatic
control over the maximum pressure limit and pressure vari-
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ability. Moreover, use of an electromechanical control valve
in conjunction with data acquisition/control system 900 can
provide the ability to control, monitor, store and analyze
performance data.

FIG. 6 illustrates a schematic or block diagram of the
connections of the pressure relief regulator/system 680 to
body sink 600 of system 10. Pressure relief system 680 can,
for example, be a manual 20-turn adjustable device. Pressure
in system 10 can, for example, be increased as an adjustment
clement 682 (for example, a knob) 1s turned clockwise. Pres-
sure relief system 680 provides the ability to precisely adjust
peak pressure settings (for example, approximately 120
mmHG during operation of system 10) and to provide a
relatively quick response time to overpressure conditions.

In the embodiment illustrated 1n FIG. 6, a pressure inlet
port 684 of pressure reliel system 680 1s placed 1n fluid
connection with body sink 600 via tubing, a stop cock 686 and
connectors such as luer connectors 687. An exhaust output
port 688 of pressure release system 680 1s placed 1n fluid
connection with a waste container.

Pressure relief system 680 alleviates several potential
1ssues with the use of system 10. For example, as system 10 1s
being prepared for initial use (that 1s, during filling and prim-
ing) an overpressure condition can be encountered. Pressure
relief system 680 assists 1n preventing overpressures that can
potentially cause failures in fittings and/or damage to com-
pliant coronary tree model 100.

Furthermore, without pressure relief system 680, contrast
injected mto system 10 during a power injection can increase
the pressure to undesirable levels. Once again, fittings/con-
nectors could fail and/or coronary tree model 100 could be
damaged. Moreover, without the use of pressure relief system
680 during an injection, control of the system pressure to be
within a physiological blood pressure range (for example, set
to 120/80 mmHg) 1s difficult in that system pressure can
increase significantly during and after the ijection.

Several experiments were conducted to measure the effec-
tiveness of pressure relief system 680. FIG. 7A illustrates
measured pressure during an injection protocol including a
first mjection with a STELLANT power 1njector at a rate of 4
ml./sec of 75 ml, followed by a pause of 5 sec and a second

injection at 8 mL/sec of 75 mL 1nto system 10 without use of

pressure relief system 680. As illustrated, system pressure
rises quickly. The same injection protocol was followed in the
study of FIG. 7B with the use of pressure relief system 680 at
the air side of body sink 600. As 1llustrates, pressure within
system 10 remains relatively constant. FIG. 7C illustrates
result for the same 1njection protocol wherein flud 1s vented
rather than air. As illustrated in FIG. 7C, venting flmid as
opposed to atr, diminishes the effectiveness of pressure relief.
The use of an electromechanical pressure relief system In
connection with flud removal will, however, at least partially
restore the effectiveness of the pressure relief system.
Cardiac output can be adjusted from, for example, 2.5
[/min to 8 L/min based on the setting provided by (Harvard)
pump system 200. Measurements of flow rate are made
within system 10 by one or more flow rate sensors 690 such as
in-line, ultrasonic transducers. Suitable flow rate sensors are,
for example, available from Transonic Inc., i1f Ithaca, N.Y.
USA. Once again, intravascular pressure 1s measured with
pressure transducers such as pressure transducers 662 and
664. An cxample of a suitable pressure transducer is the

model PX335D pressure sensor available from Omega Inc, of

Stamford, Conn. USA.

Analog data from transducers or sensors, along with the
ECG triggering pulse can, for example, be acquired with data
acquisition (DAQ) hardware/software system which can from
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a part of data acquisition/control system 900. Suitable data
acquisition systems are for example, available from National
Instruments of Austin, Tex. USA (NIDAQ)). Data acquisition/
control system 900 can, for example, also include one or more
processors (for example, one or more microprocessors) and
associated memory, display etc. as known 1n the art. Data
acquisition/control system 900 can, for example, include a
desktop or laptop computer in communicative connection
with data acquisition hardware. FIG. 4 illustrates the inter-
connection of various sensor and control systems with data
acquisition/control system 900. In FIG. 4, the flow lines
between the flow components of system 10 have are absent to
prevent confusion.

The fluid level or volume, forced pressure and pump set-
tings of system 10 are readily configurable to keep the fluid
(blood emulant) pressure within typical physiologic limiats,
for example, 70 mmHg diastolic pressure to 120 mmHg sys-
tolic (see, for example, FIG. 9). Pressure 1n system 10 1s
readily adjusted through control of the amount of fluid and air
introduced to the system from reservoir 630 and through
control of pressure relief system 680 and/or kidney system
800 as set forth above. Cardiac volumetric flow rate typical of
humans 1s readily configurable 1n system 10 by adjusting, for
example, stroke volume (ml/stroke) [for example, between
60-100 ml/stroke] and stroke frequency (strokes/minute) [for
example, between 50-80 strokes/minute] of pulsatile pump
system 200. A total fluid (blood emulant) volume typical of
the central blood volume 1n humans (for example, approxi-
mately 3 L to 8 L) 1s readily maintained 1n system 10. Fur-
thermore, the ability to readily alter pressures and flows
within the system 10 also allows for experimentation and
validation of contrast material injection techniques for
humans that have pathological conditions resulting 1n hemo-
dynamic parameters outside normal ranges (over the full
range of possible parameter values).

The design of the phantom system was adjusted to mimic
the convective transport delay of contrast material typical in
humans for a particular region of interest. The dimensions and
volumes of components of system 10 (for example, as set
forth in Table 1) were determined by empirical study and
mathematical modeling (using known engineering prin-
ciples) to achieve desired transport delays of contrast in
humans. It 1s typical, for example, for contrast to arrive in the
pulmonary artery 8-13 seconds after the start of contrast
injection. Further, contrast material typically arrives in the
coronary arteries 15-22 seconds after the start of contrast
injection. In several embodiments, the delay from the injec-
tion site to the simulated pulmonary artery in system 10
ranges from approximately 5-12 seconds, as 1s typical in
humans. Furthermore, the delay of contrast from the simu-
lated pulmonary artery to the simulated coronary arteries and
thoracic artery ranges from approximately 6-18 seconds. It 1s
important, when evaluating contrast mjection protocols, for
the arrival of contrast 1n such regions of interest to be repre-
sentative of the delay encountered 1n the human cardio-pul-
monary circuit. Scanning should be commensurate with the
arrival of the contrast bolus 1n a desired region of interest. In
light of the studies of system 10 (which has not been fully
optimized), methods and protocols validated using system 10
are applicable for use on humans.

As described above, system 10 can be used to study the
propagation of virtually any type of tluid that can be detected
using one or more detection systems. In that regard, any tluid
for which concentration (or a variable related to concentra-
tion) can be detected using a sensor can be studied in the
present invention. The sensor can be embodied 1n a scanner
system such as a CT scanner, an MRI scanner, an ultrasound
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scanner etc. as known in the medical imaging arts, which are
suitable for measuring contrast enhancement (which 1s
related to contrast concentration). Other types of sensors (for
example, represented by contrast sensors and light 1maging
system 1100 1n FIG. 4) can be used. In the case of a light
sensor or a light imaging system (for example, a digital cam-
era system or an infrared sensor), a detectable dye can be used
as the mjection fluid. A flmd of similar properties (for
example, similar density, stmilar viscosity etc.) to a fluid for
which 1t 1s desired to study propagation through system 10
can be used (for example, to reduce cost or reduce risk to a
user). Moreover, various additives can be added to a fluid to
tacilitate study/detection of the propagation thereof.

ECG Enhancement:

As described above, system 10 includes ECG simulator
system 100 to provide a synchronized ECG scanner-gating
signal to scanner 300. Implementation of the ECG signal into
system 10 was achieved in several embodiments using a
signal modifier system 1n communication with simulator 400
(such as a BIO-TEK ECG Plus simulator) and trigger system
300 in operative connection with pump system 200. A typical
ECG simulator transmits a non-synchronized, continuous
ECG output waveform. In the case of system 10, electrome-
chanical modifications provide an ECG gating implementa-
tion.

A first modification requires generating a synchronizing
pulse signal from pump 200 and transmitting the signal to
ECG simulator/system 400. Referring, for example, to FIGS.
1A,1C, 1D, 3 and 4, trigger system 300 1s connected to pump
200 and 1ncludes a micro switch mechanical interface, which
uses the normally open contacts.

A second modification requires the addition of electronics
to ECG simulator 400. Referring to FIG. 8, a processing/
control system 1s connected to ECG simulator 400. The pro-
cessing system includes a controller which recerves the signal
from pump system 200 and triggers and synchronizes the
aortic pressure activity to the ECG electrical activity. The
controller allows for fine-tuning of the timing between the
ECG R-wave and the start ol the aortic pressure rise within the
cardiac cycle.

Referring to FIG. 2, ECG simulator 400 front panel con-
trols are configured as follows for correct operation: (1) set
wavelorm slide switch 410 to ECG 120; (2) set Off/a/b/Auto
slide switch 420 to “a”; (3) connect signal cable 430 from
pump 200 to ECG simulator 400 (see FIGS. 1A and 1B); and
(4) monitor the aortic pressure signal and the ECG waveforms
to set timing control knob 440 accordingly.

A high level output signal of ECG simulator 400 can be
obtained at + and — connectors 450 and 460, respectively, on
the front panel of ECG simulator 400. The output signal 1s at
a level suflicient to enable data acquisition. This signal can be
used with a data acquisition system to monitor, store and
analyze the ECG signal. FIG. 9 sets forth an example of a data
acquisition capture in which pressure at 1mjection port 642,
pressure 1n the aorta, flow rate at injection port 642, flow rate
in the descending aorta and ECG are set forth over a period of
approximately 10 seconds. Standard scanner ECG gating sig-
nals (RA, LA, LL) can also be obtained from ECG simulator
400 and transmitted to scanner 500.

FIGS. 10A and 10B display a pre-contrast axial CT image
and a post-contrast CT image acquired with a 64 slice MSCT
scanner (SOMATOM SENSATION 64 available from
Siemens, of Forscheim Germany) and displaying the pulmo-
nary artery inrelation to the emulated ascending and descend-
ing aorta. In CT studies herein, coronary tree model 100 was

10

15

20

25

30

35

40

45

50

55

60

65

14

encased by a water filled acrylic container 180 (see FIGS. 1A
and 1B) that mimicked the CT-attenuation characteristics of
the mediastinum.

To demonstrate the ability of system 10 to reflect the effects
on contrast bolus morphology and transport, several injection
and 1maging experiments were designed with a Siemens
64-Slice SOMATOM SENSATION 64 CT scanner. Bae et al
demonstrated the linearity (additive) time invariant properties
ol contrast pharmacokinetics with respect to ijection dura-
tion. See Bae, K. T., “Peak contrast enhancement in CT and
MR angiography: when does 1t occur and why? Pharmacoki-
netic study 1n a porcine model,” Radiology, 2003. 227(3): p.
809-16. It 1s expected for a linear system, that the contrast
enhancement pattern resulting from an injection of a long
duration (measured at one-level 1n the vasculature) should be
a linear superposition of injections with shorter durations.

The experiments of Bae et al were replicated by performing
subsequent bolus 1njections nto the phantom using a power
injector (the STELLANT D injector available from
MEDRAD, Inc. of Pittsburgh, Pa. USA) and measuring the
resulting enhancement pattern at a fixed level 1in a region of
interest of system/model 10q (that 1s, the pulmonary trunk).
Bolus injections of iopromide 370 mgVml (ULTRAVIST 370
available from Bayer Schering Pharmaceutical of Berlin,
Germany) lasting 5, 10, 15 and 20 seconds were repeated at
injection tlow rates of 4, 5 and 6 ml/s. The phantom/system
parameters used in this experiment are set forth 1in Table 3.
The scans were acquired every second from 2 seconds post
injection to 40 seconds post 1njection.

TABLE 3
Stroke Injection
Vol Contrast  Inj. Flow Inj. Vol  Duration
BPM  [ml] Sys/dia% [mgl/ml] [ml/s] [ml] [sec]

50 90 40/60 370 4 20 5
50 90 40/60 370 4 40 10
50 90 40/60 370 4 60 15
50 90 40/60 370 4 80 20
50 90 40/60 370 5 25 5
50 90 40/60 370 5 50 10
50 90 40/60 370 5 75 15
50 90 40/60 370 5 100 20
50 90 40/60 370 6 30 5
50 90 40/60 370 6 60 10
50 90 40/60 370 6 90 15
50 90 40/60 370 6 120 20

Experimental Results

To test the linear predictive value of a test bolus, an imaging,
experiment was executed 1n which 20 ml of 10promide 370
mgl/ml was 1njected at 4 ml/s and followed by a saline tflush
of 50 ml. A time enhanced curve (TEC) was measured 1n the
ascending aorta. Another 1mjection of 80 ml at 4 ml/s was
performed and the resulting TEC was measured. FI1G. 9 dem-
onstrates the fidelity of system 10 to replicate intravascular
diastolic and systolic pressures. System 10 generates vascular
pressures 1n the realm expected for a healthy human under-
going cardiac CT angiography.

Linearity Results

FIG. 10A illustrates a CT scan of coronary tree model 100
of system 10 before contrast delivery, while FIG. 10B 1llus-
trates a CT scan of coronary tree model 10 after contrast
delivery thereto. Data from the Bae et al. porcine model are
presented 1 FIG. 11A. Bae, K. T., “Peak contrast enhance-
ment 1n CT and MR angiography: when does 1t occur and
why? Pharmacokinetic study in a porcine model,” Radiology,
2003.227(3): p. 809-16. FIG. 11B sets forth comparative data

recorded from system 10 at an 1njection flow rate 4 ml/sec.
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The results of the linearity injection for contrast at 6 ml/s

(5, 10, 15, and 20 second) are 1llustrated 1n FIG. 12A (for the
pulmonary trunk ROI) and 1n FIG. 12B (for the ascending
aorta ROI). The same trend as seen for the 4 ml/s 1s apparent.
The 20 second 1njection, however, exhibits some non-linear-
ity at the peak of the enhancement curve for the ascending
aorta. The similar morphology of the rising slope across all
injection durations 1s expected and demonstrates the repeat-
ability of studies with system 10.

Identification Experiments

FIG. 13 A 1llustrates data from experiments evaluating the
ability of a non-parametric model (generated via a truncated
Singular Value Decomposition deconvolution) to estimate the
transier function between the 1njection site and enhancement
measurements made 1n the ascending aorta.

The measurement from a 20 ml test bolus was used to
construct a transfer function for the system. The resulting
enhancement prediction (using 20 ml bolus as the input) 1s
plotted against the actual signal in F1G. 13A. Good agreement
was observed between the estimated output and the measured
enhancement.

Having an estimated transfer function, a predicted
enhancement pattern was generated for an 80 ml 1njection.
The resulting prediction 1s set forth in FIG. 1B and 1s plotted
with the measured enhancement 1n the ascending aorta from
an 80 ml bolus. There 1s an overestimation of the predicted
enhancement in the studies of FIG. 13B.

Visual Example

An example of contrast enhancement visualization 1s pre-
sented 1n FIG. 1C discussed above. The reconstruction of
coronary tree model 100 of system 10 was generated from
data acquired during a helical acquisition at 64 slice MSCT.

The foregoing description and accompanying drawings set
forth the preferred embodiments of the invention at the
present time. Various modifications, additions and alternative
designs will, of course, become apparent to those skilled 1n
the art 1 light of the foregoing teachings without departing,
from the scope of the invention. The scope of the invention 1s
indicated by the following claims rather than by the foregoing
description. All changes and vanations that fall within the
meaning and range of equivalency of the claims are to be
embraced within their scope.

What 1s claimed 1s:

1. A cardiovascular flow system, comprising:

(a) amodel of a cardiovascular system, the model including
cardiac anatomy inclusive of a pulmonary artery that
crosses a coronary artery tree of the cardiac anatomy;

(b) a pump system for enabling a carrier fluid to be propa-
gated through the model;

(c) an ECG simulator system 1n communicative connection
with the pump system, the ECG simulator system being
adapted to create and transmit a simulated ECG signal,
the ECG simulator system using a signal recerved from
the pump system to adjust the simulated ECG signal
transmitted from the ECG simulator system; and

(d) an injection port to enable an injection fluid to be
injected 1nto the model, the 1njection port adapted to be
placed 1n fluid connection with an i1njector to 1nject the
injection fluid 1nto the model;

wherein, as the carrier fluid and the injection fluid flow
through the model as aresult of the pump system, at least
the 1mnjection tluid 1s detectable by an 1maging system as
the 1njection fluid flows through at least one region of
interest of the model.

2. The cardiovascular flow system of claim 1 wherein the

model simulates mammalian physiologic hemodynamic
parameters.
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3. The cardiovascular flow system of claim 1, wherein the
hemodynamic parameters comprise systolic pressure, dias-
tolic pressure and convective transport of the injection fluid
from the 1njection port to the at least one region of interest
within the model.

4. The cardiovascular flow system of claim 1, wherein the
model simulates a mammalian anatomy for the at least one
region of interest.

5. The cardiovascular flow system of claim 4, wherein the
at least one region of interest comprises the coronary artery
tree and a thoracic aorta.

6. The cardiovascular tlow system of claim 1, wherein
motion occurs within the at least one region of interest as a
result of pulsatile flow of at least one of the carrier fluid and
the injection fluid therethrough.

7. The cardiovascular flow system of claim 1, wherein the
ECG simulator system includes a processing system to syn-
chronize the simulated ECG signal to the signal recerved from
the pump system.

8. The cardiovascular flow system of claim 1, wherein the
ECG simulator system includes a controller adapter to adjust
timing between the simulated ECG signal and the signal
received from the pump system.

9. The cardiovascular flow system of claim 1, wherein the
pump system includes a sensor adapted to provide the signal
from the pump system.

10. The cardiovascular flow system of claim 1, wherein the
ECG simulator system interfaces with a scanner to transmit
the simulated ECG signal to the scanner.

11. The cardiovascular flow system of claim 1, further
including a lung sink and a body sink 1n fluid connection
within the model.

12. The cardiovascular flow system of claim 11, wherein
interconnections within the cardiovascular flow system are
formed to simulate at least one of physiology and anatomy.

13. The cardiovascular flow system of claim 12, wherein
the interconnections are selected to simulate physiologic
pressure.

14. The cardiovascular flow system of claim 1, further
comprising a kidney simulation system in fluid connection
with the model.

15. The cardiovascular flow system of claim 14, wherein
the kidney system comprises a first pump system to pump
fresh fluid 1nto the cardiovascular flow system and a second
pump system to pump fluid out of the cardiovascular flow
system.

16. The cardiovascular flow system of claim 135, wherein
the kidney simulation system 1s controlled to control at least
one of fluid volume and pressure within the cardiovascular
flow system.

17. The cardiovascular tlow system of claim 1 further com-
prising a pressure relief system to prevent pressure within the
cardiovascular tlow system from exceeding a predetermined
pressure.

18. The cardiovascular flow system of claim 17, wherein
the pressure relief system 1s adapted to maintain pressure
within the cardiovascular flow system within limits of physi-
ologic pressure.

19. The cardiovascular flow system of claim 1, further
comprising the injector.

20. A method of simulating flow of an 1njection fluid
through a mammalian cardiovascular system, the steps of the
method comprising:

(a) providing a model of a cardiovascular system of a
mammal, the model comprising a cardiac anatomy and a
pulmonary artery crossing the cardiac anatomy, the
model further comprising an injection port adapted to be
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placed 1n fluid connection with an i1njector to 1nject the
injection fluid 1nto the model;

(b) pumping a carrier fluid through the model to enable
propagation of the carrier fluid through the model inclu-
stve of the cardiac anatomy and the pulmonary artery;

(¢) configuring a desired cardiac output and heart rate of the
cardiovascular system by adjusting at least a stroke vol-
ume and a stroke frequency of the pumping;

(d) generating an ECG signal for the cardiovascular system
that1s synchronized with a trigger signal associated with
the pumping;

(¢) injecting the injection fluid 1to the model via the injec-
tion port; and

(1) detecting the 1njection fluid in at least one region of
interest within the model as the carrier fluid and the
injection fluid flow through the model as a result of the
pumping.

21. The method of claim 20, wherein the ECG signal 1s
synchronized with the trigger signal based on an aortic pres-
sure generated within the cardiac anatomy by the pumping.

22. The method of claim 20, further comprising scanning,
the at least one region of interest of the model with an imaging
system to produce an 1mage and thus enable generation of at
least one time enhancement curve representative of propaga-
tion of the 1injection fluid through the at least one region of
interest.

23. The method of claim 22, wherein the injection fluid
comprises a contrast medium.

24. The method of claim 20, wherein the model includes a
body sink and a lung sink 1n fluid connection with the cardiac
anatomy and the pulmonary artery.

25. The method of claim 24, wherein the body sink and the
lung sink are 1n fluid connection with the cardiac anatomy and
the pulmonary artery via tubing adapted to simulate physi-
ological pressures.

26. A cardiovascular tlow system, comprising:

(a) amodel of a cardiovascular system, the model compris-
ing a cardiac anatomy and a pulmonary artery crossing
the cardiac anatomy;

(b) a pump system for enabling a carrier fluid to be propa-
gated through the model inclusive of the cardiac
anatomy and the pulmonary artery;

(c) an 1njection port to enable an 1njection fluid to be
injected 1nto the model, the injection port adapted to be
placed 1n fluid connection with an i1njector to 1nject the
injection fluid into the model; and

(d) a kadney system 1n fluid connection with the model, the
kidney system comprising a first pump system to pump
fresh carrier fluid into the model and a second pump
system to filter at least one of the mjection fluid and an
other fluid out of the model;

wherein, as the carrier fluid and the injection fluid flow
through the model as aresult of the pump system, at least
the 1mnjection tluid 1s detectable by an 1maging system as
the 1njection fluid flows through at least one region of
interest of the model.
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277. The cardiovascular tlow system of claim 26, wherein
the first pump system and the second pump system are con-
trolled to prevent tluid volume 1ncrease within the cardiovas-
cular flow system upon 1njection of at least one of the carrier
fluid, the 1injection fluid and the other fluid 1nto the model via

the 1njection port.

28. The cardiovascular tlow system of claim 26, wherein
the kidney system 1s controlled to control pressure within the
cardiovascular flow system.

29. A cardiovascular flow system, comprising;:

(a) amodel of a cardiovascular system, the model compris-
ing a cardiac anatomy and a pulmonary artery crossing
the cardiac anatomys;

(b) a pump system for enabling a carrier fluid to be propa-
gated through the model inclusive of the cardiac
anatomy and the pulmonary artery;

(¢) an 1njection port to enable an imjection fluid to be
injected 1nto the model, the 1njection port adapted to be
placed in fluid connection with an injector to 1nject the
injection fluid into the model; and

(d) a pressure relief system to prevent pressure within the
cardiovascular flow system from exceeding a predeter-
mined pressure;

wherein, as the carrier fluid and the mjection fluid flow
through the model as aresult of the pump system, at least
the injection tluid 1s detectable by an 1maging system as
the 1injection fluid flows through at least one region of
interest ol the model.

30. The cardiovascular tlow system of claim 29, wherein
the pressure relief system 1s adapted to maintain pressure
within the cardiovascular flow system within limits of physi-
ologic pressure.

31. A cardiovascular flow system, comprising:

(a) a model of a cardiovascular system for simulating
anatomy and physiology, the model including cardiac
anatomy inclusive of a pulmonary artery that crosses a
coronary tree of the cardiac anatomys;

(b) a pump system for enabling a carrier fluid to be propa-
gated through the model;

(¢) an ECG simulator system in communicative connection
with the pump system, the ECG simulator system being
adapted to create and transmit a simulated ECG signal,
the ECG simulator system using a signal recerved from
the pump system to adjust the simulated ECG signal
transmitted from the ECG simulator system; and

(d) an imyjection port to enable an injection fluid to be
injected 1nto the model, the 1njection port adapted to be
placed in fluid connection with an injector to 1nject the
injection fluid into the model;

wherein as the carrier fluid and the injection fluid flow
through the model as a result of the pump system, the
cross of the coronary tree by the pulmonary artery
enables acquisition of imaging scans thereof 1n which an
enhancement pattern mimics that of a pulmonary trunk
of a human cardiovascular system.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,608,484 B2 Page 1 of 1
APPLICATION NO. : 12/397713

DATED : December 17, 2013

INVENTOR(S) . Kalafut et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

IN THE SPECIFICATION:

In Column 8, Lines 34-35, delete “Reservoir tank 620 and insert -- Reservoir tank 630 --, therefor.

In Column 9, Line 25, delete “Reservoir tank 30 and 1nsert -- Reservoir tank 630 --, therefor.

Signed and Sealed this
Twenty-second Day of April, 2014

TDecbatle X oo

Michelle K. Lee
Deputy Director of the United States Patent and Trademark Olffice
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